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The pace of extraordinary advances in molecular biology has accelerated in the past
decade due in large part to discoveries coming from genome projects on human and
model organisms. The advances in the genome project so far, happening well ahead of
schedule and under budget, have exceeded any dreams by its protagonists, let alone
formal expectations. Biologists expect the next phase of the genome project to be even
more startling in terms of dramatic breakthroughs in our understanding of human biology,
the biology of health and of disease. Only today can biologists begin to envision the
necessary experimental, computational and theoretical steps necessary to exploit genome
sequence information for its medical impact, its contribution to biotechnology and
economic competitiveness, and its ultimate contribution to environmental quality. High
performance computing has become one of the critical enabling technologies, which will
help to trangdlate this vision of future advancesin biology into reality. Biologists are
increasingly becoming aware of the potential of high performance computing. The goal of
thistutorial isto introduce the exciting new developments in computational biology and
genomics to the high performance computing community.
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Tutorial Outline e

+ 8:30am.-12:00 p.m.
+ Introduction to Biology
+ Overview Computational Biology
+ DNA sequences

t 1:30 p.m. - 5:00 p.m.
+ Protein Sequences
t+ Phylogeny
t Specialized Databases
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t+ 8:30am.- 845am. Introduction

+ 8:45am. - 10:00 a.m. Biology

t 10:00 am. - 10:30 a.m. BREAK

+ 10:30 a.m. - 12:00 p.m. Working with DNA
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Tutorial Outline e

t Introduction
+ Brief Introduction into Biology
+ DNA
+ What isDNA and how doesit work?
+ What can you do with it?
t Proteins
+ What are proteins?
+ What do we need to know?
t Phylogeny
+ Specialized Databases
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+ Adam Arkin, LBNL

+ Brian Shoichet, NorthWestern Univ.

+ TeresaHead-Gordon, LBNL

t+  SylviaJ. Spengler, LBNL

+ Manfred Zorn, LBNL

+ Dodson-Hoagland: “TheWay Life Works’
+ National Museum of Health

http://www.accessexcellence.or g/

+ B.Albertset al. : “Essential Cell Biology”

http://www.essential cellbiology.com/
t+ L. Stryer: Biochemistry
+ Genome Annotation Consortium
+ Bob Robbins, FHCRC

Computational Biology
@ SC 2000



: Revolutionary Experimental e ;
W S s Effor tS | N B| OI Ogy EI:r-r:!:..:-

Sequence Structure Function

Genome projects
Micraobial organisms

C. elegans v
Fruitfly
Human Structural Genomics I nitiative

High throughput effort underway

v
NIH, new beamlines
LBNL: ALS Functional Annotation
| nitiatives

Gene deletion projects
Y east two-hybrid screening
Gene expression micro-arrays
Computational Biology 1N Vivo GFP protein (Kinetics)
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http://cbcg.lbl.gov/ssi-csb

A technical document to define ar eas of biology exhibiting computational problems
of scale

Organization:
I ntroduction to biological complexity and needs for advanced computing (1)
Scientific areas (2-6)
Computing hardwar e, software, CSET issues (7)
Appendices

For each scientific chapter:
illustrate with state of the art application (current generation hpc platform)
define algorithmic kernals
deficiencies of methodologies
define what can be accomplished with 100 teraflop computing
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S Assembly, M odeling, and Annotation SE—Y
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e Stemnd start  ©nd — Chromosome

Human Genome
at a Glance

The Genome Channel Browser to access and visualize current data flow, analysis
and modeling. (Manfred Zorn, NERSC)

Genome sequencing and annotation [I- Bioinfor matics
100,000 human genes; genes from other organism
Structure/functional annotation at the sequence level

Computation to determine regions of a genome that might yield new folds
Experimental Structural Genomics Initiative
Functional annotation at the structure level by experiment
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to High Resolution Structure

One microsecond simulation of a fragment of the protein, Villin. Duan & Kollman, Science 1998

L ow Resolution Structuresfrom Predicted
Fold Topology
Fold class gives someidea of biological function, but....

Higher Resolution Structureswith Biochemical Relevance
Drug design, bioremediation, diseases of new pathogen
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Changesin the structure of DNA that
can beinduced by proteins.

Through such mechanisms proteins
regulate genes, repair DNA, and
carry out other cellular functions.

| mprovementsin Methodology and Algorithms of Higher Resolution Structure
Breaking down size, time, lengthscale bottlenecks (I T2, algorithms,
teraflop computing)

Protein, DNA recognition, binding affinity, mechanism with which drugs bind
to proteins

Simulating two-hybrid yeast experiments

Protein-protein and Protein-nucleic acid docking
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Modeling the Cellular Program E,

_ Erythropoietin Platelet-Derived Growth Factor
Interleukins 1 and 6 = )

—

s

Three mammalian signal transduction pathway that share common molecular
elements (i.e. they cross-talk). From the Signaling PAthway Database (SPAD)
(http://www.art.kyushu-u.ac.jp/spad/)

| ntegrating Computational/Experimental Data at all levels
Sequence, structural functional annotation (Virtually all biological initiatives)
Simulating biochemical/genetic networ ks to mode cellular decisions
M odeling of networ k connectivity (sets of reactions. proteins, small molecules,
DNA)
Functional analysis of that network (kinetics of the interactions)
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Computational Complexity arises from inherent factors:
100,000 gene productsjust from human; genes from many other organisms
Experimental dataisaccumulating rapidly
N2, N3, N4, etc. interactions between gene products
Combinatorial librariesof potential drugs/ligands
New materialsthat elaborate on native gene products from many organisms

Algorithmic Issuesto makeit tractable
Objective Functions
Optimization
Treatment of Long-ranged I nteractions
Overcoming Size and Time scale bottlenecks
Statistics
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Cdlls

Protans
DNA
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DNA
Proteins

Cdlls
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earth cell

counlry chromosoms

chrarmo sarme
fragment

city fene

nucleotide
people base palrs

Comparative Scale of Mapping
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m Biologists dislike genem!izafmhs

m The truth in biology is always more

| complex than the statement aboyt it §

It is hard to d:sﬂrgu:sh between fact
~and fashion in biology |
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DA
Replication
Jlm‘nr maﬂmr? DHA& duplicates
BN AT AT AN AT AT AT AT VAN
SNSRI NERNNE RS
DNA [rlfnrl.[ruliun

¥
M Transcription
RMA synthesis

mRNA
nucleus
= W
Informalion
| eytoplasm
nuclear envelope +
Translation
Y Protein synthesis

Protein

The Central Dogmna of Molecular Biology
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Lifeischaracterized by

t Individuality
+ Historicity
+ Contingency

+ high (digital) information content

No law of large numbers, since every living thing

'S genuinely unigue.
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-4z Red Blood Cells - Hemoglobin tﬁ\lj

Hemoglobin Is the

main chemical in the

rfed blood cellithat does

all oif the'work carrying O L T v
oxygen away from the AL e O o o
lungs and carbon . R

dioxide hack

Frem Dipkarten and Gecs, [T
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Normal vs. Sickle
Hemoglobin
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Plasma membrane MNucleus Lysosome Chromatin  inner  outer membrane  Nuclear

Mucleolus
Mito-

Ribosomes
*__Endoplas-

matic

reticulum

Cytoplasm |
Centriole Peroxisome Cytoskeleton ytop 3-10 um
A. Eukaryotic cell B. Nucleus of the cell

ZBDS00E-01631.TIF
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LA Cell Division N
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o farent cell

Chromatin condenses into
chomosomes.

Nuclear envelope disappears.

Chromosomes alizn at
the equatorial plate.

Sister chromatids separate.
Centromeres divide.

Telophase |-
Cytaplam daies. Rt Bt

Two daughter cells

Mitosis
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Rough endoplasmic Golgi apparatus
reticulum

packs tightly i
m'it“.thm chramsomes

‘1‘5”3"‘ )
metaphase
chromosome
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“beads-on-a-string” 11 nm
farm of ehromatin

-

30-nrm chromatin
fibor of packed
nucleoscmes

saction of
chromosome in an
extended form

condensed section
of chromosome

30 nmi

centromeans

entire
mitatic
chromosome

MNET RESULT: EACH DNA MOLECULE HAS BEEN
PACKAGED INTO A MITOTIC CHROMOSOME THAT
15 50,000 SHORTER THAN ITS EXTENDED LENGTH
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DNA
Molecule: ¢
Two )
Views

Cytosine and

Sugar — <y
Thyrmine
Bases — ‘=
S

Adenine and
Guanine

Phosphate ¢

grovp & O=FO
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Four Bases
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Deaxyribonucleic Acid (DNA)

[ -

- IE Guanine
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A. DNA double helix
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Generations

O and 1.9
mixed

O and 4.1
misxed

Second generation daughter molecules

T-23
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3.
E. Replication

5 X 5

TEOFE-] 1. TIF
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. DNA Replication )
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3% 5
-
----- T=A= Heat, NaOH
G,;ﬁj o Denaturation
oA (single strand)
|_T' ﬁr - Iai T = 3..
A g .
Ern T A
3 - G Cc
\_F G C
3 . D a o
3 Y 5 = L
e -G G-
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G-C—
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G- | C G—g 5
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C. Denaturation and renaturation
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| nformation Transfer

¥ 3 DNA, mRMA
template | Codon Protein Start
':G o g::ﬁj = B ionine
—C-13 —C=G—
C-G —C- 2 Glycine
(S s [ = Y eed
o —A-U—
-G —G-C 3 Serine o
c-g= — (- = 2
A-T T=-A =
Iso-
{_:I- A g_:':] 4 leucine E
e -C-G B
~C-G —C-G— 5 Glycine ©
—G-C G-C 3
\Q}—G ~-C-G- E
G- —~G-C— 6 Alanine <
5 T-A
G-C= e 5 = o
C=G— -G-C 7 Aanine
A-T oo T e i
B = T
-G C-G 8  Serine
-G-C s = G—-C—
ﬁ’ - Transcription Translation
D. Genetic information transfer
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Miomnomeric subhuamits

ILetter=s aof M= i b — ST
FErnglish nucleotides acids
alphabet
(25 different (4 differernt 200 different
kKinds) kKindsk kKinds)
. ) EX T = Phe mu, 0T
D ] Sl MAan Gin
Z By RV Lon AP e
L) I = A ALy A Ser
= . o N
ar B WL O e e s
G, > B
2 C G Ty Cyn
[ i 1 1 i i i i H
N O IVMD P G N = Gly A Asp
L 1 1 | | 1 [] [ ]
j M = N A e A wal Gy Gy
1 | 1 | | | ] L] ]
= = = T T = As=p Pro Prao
] 1 1 | | | 1 i ]
= = = 5 (e g iy SBer  Leu Leu
1 | 1 | | | ] ] ]
£ e £ sy T £ ey e iy
1 I 1 1 | | ) i a
Cr L o it T C Arg  Asn Lys
1 | | | | 1 1 1 1
j 2 j M = N ] L Gla  Phe Trp
1 | | | | | 1 ] 1
= = = c . T N PN Elaa s
T ] 1 1 1 1 1 ] ]
English Doy i bomucleic Protein
wrorcl= scicl (TN Al
Drdered Lliyeemr seeauees mc e s
For a segment of 8 subunits, the number of
different seguences possible =
265 or 4 oy 205 or
2.1 »x 1012 65,5536 256 x 1010
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Genetic Code

C—

JAC:

{ Y
U ¢ A anticodon AUG
2nd base in codon
Phe | Ser Tyr Cys u
U Phe | Ser Tyr Cys C W
5 Leu | Ser | STOP |sToP | A g
s Leu | Ser | STOP | Trp G 44
o Leu | Pro His Arg U a
£ C Leu Pro His A[g C 5
Leu | Pro Gln Arg A a
3 Leu | Pro Gin Ary G 4
= lle Thr Asn Ser ] g
- A lle Thr Asn Ser C
lle Thr | Lys Arg A
Met Thr Lys Ary G
Val Ala | Asp Gly ]
G Val Ala | Asp Gly C
Val Ala Glu Gly A
Val | Ala | Glu Gly e

The Genetic Code
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[/ 5.8S \
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e 28S RNA |
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l
SO= 18S RNA
subunit e~

B

Figure 30-37

(A) Electron miicrograph of eucarv-
otic ribosomes. [Courtesy of IDr.
Miloslayvy Bublik.] (B) Schematic dia-
cram of a eucarvotic ribosome.
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Figure 5-2
RINA can fold back on itself to form

double-helical regions.
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Folding pattern of 16S ribosomal RNA. < &
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Merropers feaewis (frogh Saccfarorn yces caragvisias (yeast]
Cytoplasmic 185 rRMNA: 1825 nucleotides Mitochondrial 1S5S rfAMNA: 1640 nuecleotbdes

(=0

Plaize o ba cilhariua T wionkca e
Chioroplast 165 cFREMNA: 35590 nuecheotides TES rFAMNA: 1469 nucleotiches

Figuare 2619 @, b, o, o, e

Dammell, Lodish, Baltimone: MOLECITLAR CELL BIOLOGY, Second Edition
D 1990, Schenmific Aomerican Booloes, Tne. T-1719
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Figure 30-1
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AGCACGAGGGGAAAUCUGAUGGAACGCUAC E. coli trpA
UUUGGAUGGAGUGAAACGAUGGCGAUUGCA E. coli araB
GGUAACCAGGUAACAACCAUGCGAGUGUUG E. coli thrA
CAAUUCAGGGUGGUGAAUGUGAAACCAGUA E. coli lacl
AAUCUUGGAGGCUUUUUUAUGGUUCGUUCU X174 phage A protein
UAACUAAGGAUGAAAUGCAUGUCUAAGACA Qf phage replicase
UCCUAGGAGGUUUGACCUAUGCGAGCUUUU R17 phage A protein
AUGUACUAAGGAGGUUGUAUGGAACAACGC A phage cro

L —

| — — —

F'Enrs -.n..-nth Pairs with
165 rBMNA initiator tRMNA
3" OH G 3" end of
A 16S ribosomal RNA
A L
U C
5 oL 3

GAL.IUCCUAGG&GGUUUGACCUAUGCGA-GCUUUUAGU—MessengerFtNA
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Oxygen binding site

In sickle-cell hemoglobin, the Glu at position 6 is replaced by Val
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“ama Genome Project Timeline iy
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+ 1984

t Department of Energy and Intl. Commission on Protection
Against Environmental Mutagens and Carcinogensin Alta,
Utah.

+ 1986

+ DOE announces Human Genome I nitiative

t+ 1987
+ NIH Director establishes Office of Genome Resear ch

+ 1988

+ NRC Mapping and Sequencing the Human Genome
+ Berkeley Lab launches Human Genome Center

+ 1990 Human Genome |
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. Genome Timeline cont’d f\.\l\J

t September 1994

t First complete map of all human chromosomes one year
ahead of schedule.

+ May 1995
t First genome sequenced: H. inf.

+ May 1998
+ Celera announces commercial project
t+ Public effort regroupsto five major centers
+ June 2000
t Joint a

Computational Biology
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cccccccccccccccccccccccc

1995 H. influenzae 2MDb
1996 S. cerevisiae 12 Mb
1997 E. coli 5Mb
1998 C. elegans 100 Mb
1999 Human Chromosome 22 34 Mb
2000 D. melanogaster 140 M b
2000 H. sapiens 3,000 Mb

Computational Biology
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Base Pairsin GenBank <11

cccccccccccccccccccccccc

Growth in GenBank is exponential.
Recently more data were added in

ten weeks than were added in the
first ten years of the project.

Computational Biology
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DNA Seguencing <
ERKELEY Lam i

cccccccccccccccccccccccc

Read base code from storage medium!

+ Read length: About 600 bases at once

+ Reader capacity
t 100 lanesin parallel in about 2-5 hours
t+ 1000 lanesin parallel in about 2 hours

Computational Biology
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cccccccccccccccccccccccc L]
ERKEELEY Lam

t Prepare DNA
+ about a trillion DNA molecules

+ Do the sequencing reactions
t synthesize a new strand with terminators

t Separate fragments
t by time, length = constant

t+ Sequence determination
+ automatic reading with laser detection systems

Computational Biology
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Any genome Is larger than amount of sequence
that can be generated in a single step.

+ Shotgun

+ Directed

t Finishing

Computational Biology
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N Shotgun
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+ Break DNA into manageable pieces
+ Seguence each piece
+ Usesequenceto reassembleoriginal DNA

Uniform process

Easily automatable

Computational Biology
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Number x Size of clone
Genome size

Coverage =

Expected gaps ~ Number ecoverage

L ander-Waterman 1988

Computational Biology
@ SC 2000




. Directed oo

+ Break DNA into manageable pieces
+ Map piecesinto tiling path

IS T\0 separate processes: mapping and sequencing
More difficult to automate
Hard to integrate map information into assembly

\

+ Use mapsto assemble original DNA

Computational Biology
@ SC 2000




-ﬁ_

— Finishing ceec) §

cccccccccccccccccccccccc

+ Special casesthat drop out of the pipeline
+ Gap closing
+ Difficult stretches

t+ Primer walking
t Different strains, vectors, chemistry
t Creativesolutions, .......

Computational Biology
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e Base Calling iy

MAT
cccccccccccccccccccccccc

t+ Machinerecordsintensitiesin each channel

t+ Vendor softwaretrandatesvaluesinto smooth signal
for each base

t+ Basecalling software“calls’ the sequence

+ Modern base callers use peak shape, size, and spacing

aswell as heuristicsto improve quality of calls, I.e.,
fewer N’sand better confidence.

t+ Quality valuescarry base quality to the assembly step.

Computational Biology
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A Phred - Base-caller iy

cccccccccccccccccccccccc

+ Developed by Phil Green and Brent Ewing

+ Better base calling accuracy
t 40-50% lower error ratesthan ABI softwareon large test
data sets
+ Error probabilitiesfor each base call
+ More accurate consensus sequences

+ Automatic identification of areasthat require" finishing"
efforts

t ldentification of repeat sequencesin during assembly

Computational Biology
@ SC 2000
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SSIENTIFIG SoMPTING SENTER HEREELEY |_

After calling bases, Phred examinesthe peaks around
each base call to assign a quality scor e to each base call.
Quality scoresrange from 4 to about 60, with higher
values corresponding to higher quality. The quality scores
arelogarithmically linked to error probabilities.

Quality score Probability of wrong call Accuracy
10 1in 10 90%
20 1in 100 99%
30 1in 1,000 99.9%
40 1in 10,000 99.99%
50 1in 100,000 99.999%

Computational Biology
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Assembly iy

cccccccccccccccccccccccc

Putting humpty-dumpty together again!

t Overlap
+ Find overlapping fragments

t+ Layout
+ Order and orientation of fragments

+ Consensus
t+ Determining the consensus sequence

+ Use of constraints

Computational Biology
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HERKELEY LaB -

t Repeats
t 200 bp Alu repeat every ~4,000 bp with 5% -15% error

t Clipping

t Orientation

+ Contamination

t+ Rearrangements

t Seguencing errors

t True Polymorphisms

Computational Biology
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. Phrap - Assembler iy

cccccccccccccccccccccccc

+ Fast assemblies

t+ Projectswith several hundred to two thousand reads
typically take only minutes

+ Accurate consensus sequences from mosaic

+ Examinesall individual sequences at a given position, and
generally usesthe highest quality sequenceto build the
consensus.

+ Consensus quality estimates

+ Quality information of individual sequencesyieldsthe
guality of the consensus sequence

t Other available infor mation about sequencing chemistry
(dyeterminator or dye primer) and confirmation by " other
strand" readsused in estimating the consensus quality.

Computational Biology
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. Mor e assembly iy

cccccccccccccccccccccccc

+ Finishing: closing gaps

+ Building chromosomes from large contigsthat are
consistent with map information

Computational Biology
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What is a Gene? cecees?]

t Definition: Aninheritabletrait associated with a
region of DNA that codesfor a polypeptide chain or
specifiesan RNA molecule which in turn have an
Influence on some characteristic phenotype of the
or ganism.

Abstract concept that describes

a complex phenomenon

Computational Biology
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What is Annotation? e

t+ Definition: Extraction, definition, and inter pretation of
features on the genome sequence derived by integrating
computational tools and biological knowledge.

|dentifiable features in the sequence

Computational Biology
@ SC 2000



vaxm HOWdoesan annotation differ 7= :
e fr Om a gen e’) —— _

+ Many annotations describe featuresthat constitute a
gene.

+ Other annotations may not alwaysdirectly correspond
In thisway, e.g., an STS, or sequence overlap

Computational Biology
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cccccccccccccccccccccccc

+ Heuristics

+ Statistics

+ Artistics

Computational Biology
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DNA Analysis
EREKELEY i, 1 -

cccccccccccccccccccccccc

Disassemble the base code!

+ Find the genes
t+ Heuristic signals
t Inherent features
t Intelligent methods

+ Characterize each gene
+ Comparewith other genes
+ Find functional components
t+ Predict features

Computational Biology
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What 1sa Gene?

Computational Biology
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Heuristic Signals ey

cccccccccccccccccccccccc

DNA containsvariousrecognition sites
for internal machinery

Promoter signals

Transcription start signals

Start Codon

Exon, Intron boundaries
Transcription ter mination signals

-+ =% =% =% =%

Computational Biology
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Start of the gene
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|nher ent Features '

DNA exhibits certain biasesthat can be
exploited to locate coding regions

Uneven distribution of bases
Codon bias

CpG idands

| n-phase wor ds

Encoded amino acid sequence
| mperfect periodicity

Other global patterns

Computational Biology
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Plate IV: A Logo of Donor Splice Sites from the Dicot Plant A. thaliana (cress). See page
34 for full discussion.

4

1
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Intelligent M ethods

cccccccccccccccccccccccc

Pattern recognition methods weigh inputs
and predict genelocation

+ Neural Networks
+ Hidden Markov Models
+ Stochastic Context-Free Grammer

Computational Biology
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Neural networks =
........................
HEREELEY Lap ]

6-mer vocabulary

6-mer-in-frame

Markov

|sochore GC Composition

Exon GC Composition

Size prob. profile

Length

Donor

Acceptor

Intron VVocabulary 1

Xu 1997

Intron Vocabulary 2 @

Computational Biology
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Hidden Markov Models '

cccccccccccccccccccccccc

o O O

Silent states

Production states

Computational Biology
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NNNNNNNNNNNN Characterize a Gene

Collect cluesfor potential function

Comparison with other known genes, protens
Predict secondary structure
Fold classification

Gene Expression

Gene Regulatory Networks
Phylogenetic comparisons
M etabolic pathways

Computational Biology
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+ Dynamic programming
t+ Needleman - Wunsch
+ Smith - Waterman
+ Evolution

t Speed vs. sengitivity
+ Hashing
+ Statistical considerations
t  Suffix trees

Computational Biology
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e Terminology iy

cccccccccccccccccccccccc

+ Homology
+ Common ancestry
+ Sequence (and usually structure) conservation

t Homology isnhot a measurable quantity,
but can beinferred, under suitable conditions

t ldentity
t Objective and well defined

+ Can be quantified by several methods:
+ Percent

t Thenumber of identical matches divided by the length of the aligned
region

t Similarity
t Most common method used
+ Not so well defined
t Dependson the parameters used (alphabet, scoring matrix, etc.)

Computational Biology
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. Alignment iy

cccccccccccccccccccccccc

+ An alignment isan arrangement of two sequences
opposite one another

t It showswherethey aredifferent and wherethey are
similar
We want to find the optimal alignment - the most
similarity and the least differences

Computational Biology
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. 4T Alignment iy

cccccccccccccccccccccccc

+ Alignments have two aspects.

+ Quantity: Towhat degree are the sequences similar
(per centage, other scoring method)

+ Quality: Regions of similarity in a given sequence

Computational Biology
@ SC 2000
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+ When we compar e sequences, we take two strings of
letter s (nucleotides or amino acids) and align them.

+ Wherethe charactersareidentical, we givethem a
positive score, and wher e they differ, a negative
value.

+ We count theidentical and nonidentical characters,
and givethe alignment a score (usually called the

quality)

Computational Biology
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e

=Y

t SequenceA
t SequenceB

+ Substitution
t+ Deéeletion

+ Insertion

+ Matrix Element

Computational Biology
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Differencesin the sequence can be caused by deletions or
Insertionsin the DNA, or by point mutations. These
changes can be seen at the protein level aswell
(changesin thetrandation of the proten

Thisschemeworksfine aslong asyou assumethat all
possible mutations occur at the same freguency.
However, nature doesn’t work thisway. It has been
found that in DNA, transitions occur mor e often than
transversions.
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Scoring Matrices cecees?]

| dentity scoring
Genetic code scoring
Physical chemical ssimilarities
Observed substitutions
+ Dayhoff matrix (PAM)
+ BLOSUM

Computational Biology
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L The Gap Penalty =
SEIENTIFIS CoMpLT G CENTER BERKELE®Y |_

Consider thetwo following alignments:

VITKLGTCVGS VITKLGTCVGS
VIT... TCVGS V. TK.GTCV.S

According tothealgorithm these 2 cases will get the
same gap penalty. However natureisdifferent. In most
cases insertions/deletions are longer than a single
residue, even for very homologous sequences.

Computational Biology
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+ Tocompensatefor this, and to differentiate between
cases likethe one above, the gap penalty is made up of
two factors:

+ Thegap creation penalty - subtracted from the
alignment quality whenever a gap is opened.

t+ The gap extension penalty - subtracted from the
alignment quality according to the length of the gap.

Computational Biology
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ERKELEY _

+ Thuswe have:

+ Quality = matches - (mismatches + gap penalty)
+ Gap penalty = gap creation penalty + (gap extension
penalty X gap length)

Computational Biology
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FASTA Algorithm

(a) (b)
Sequence B —i=

Sequence B =i

N

-#— Sequence A —
7/
I/
+
. o/
7/
-#4— Sequence A —
/
¢
//
/7

RFe-scom using PAM matrix
Keep top scoring segments.

Find runs of dentites

(e) (d)

—— Sequence B —»

Sequence B —-

-#— Sequence A —
-— Seguence A ——

N

Apply "pining theshold® Use dynamic progrmmming

o eliminate segqments that o aptimize the alignment in a
are unlikely to be partof the alignment namow band that encompasses
that includes highest scoring segrient. the topscoring segments.

S
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. BLAST 220
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HEREELEY Lap ]

BLAST Algorithm

(1) For the query find the list of high scoring words of length w.
Cuery Sequence of ength L

———————————— haximurm of L-w+1 words (typcally w = 3 for poteins)

Foreach waord from the query sequence

find the list of words that will scomr

at least Twhen scored using a pairscone

raatrie (e.q. PAM 2600 For typical parameters
there ane amund b0 words per esdue of the queny..

(2) Compare the word list to the database and idertify exact matches.

Database
Sequences

|

Exact matches of words
from wormd list

(3) For each word match, extend alignment in both directions to find
dlignments that scome greater than score threshold S.

Maximal Segment Pairs (MSPs)

Computational Biology
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Wersc Multiple Alignments cecees?]
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HerkeLey Lo et

Steps in Mulliple Alignment

(A)Pairwise Alignment
Example - 4 Sequences. A B. C. 0. I
P 9 1
& Painvize Comparnsons ﬂ
then Cluster analysis
———

Simikarity

Lo B T = -
o Om

{B) Multiple alignment following the tree from A.

B

O oom Align moaLaimilar pair.

Saps to optimise alignment

£y -

Align nexLmealaimiler pair.
C I N

Mew gap to oplimise
algnment of (B0} with
AL, l

o

[w)

Align alignmen\s - preserve gaps.
—

h-3

G —

==, - TSN T TTTTT T TT T T T TOJ ==,
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| Z Gepome
AANNOCATON
! "___TP Consortiam
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]

+ Multi-laboratory Project

+ Standard Annotation of Genomes
+ Genome Channel
+ Genome Catalog

+ Comprehensive integration of
+ Analysis tools
+ Data management systems
+ Data mining
+ User services

t+ Extensible Framework
+ High-performance computing
+ Data integration technology

+ Artificial intelligence
Computational Biology
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L arge-scale Genome
EEEEE Annotation
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BioParameters
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Sequence Input

Anal ysis Queue

Process

Manager /
Task Brok er

Annotation Repor

Sear ch Ag ents

t
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GenomeChanne ceceesd)
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BEREELEY LapB

i The Genome Channel - Hetzacaps
Pie b Wess Lo Lomewrscsion  Hep

(immnm Channel

Tlomo sapiens

ESequencng Progress "

E L ) ]2

Organism

[Sequencing Center
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? G en Om eC h an n M G v2.0 - human GheEEIE

TIOMAL ENERGY RESEARCH File Help Options  List  Maps  Windows

cccccccccccccccccccccccc

= ooy
B
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A Contig Overview Aqﬂ

. GC v2.0 - Human [Homo zapienz] chromozome 5, contig TOODO980 Overview [F44674 bp]

e I_IFITTIFEFTI:
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B Feature Display ceecec?)] §
MAT I OMAL ENERGY RESELRCH -\\\-‘\\-
SCIENTIFIC SOMPLUTIMNG CENTER

HERKELEY LaB

B GC ¥2.0 - Human (Homo zapienz] Chromosome 5, Contig TO0D0980 Features [744674 bp)
Help File Edit Options  List Festures  Windowes

Elong T2 EST arail | Gscan] Gr-gil Emg GBnE - - [F.} - EAC @ a @:]\
Rtf Exon EI\‘!I‘I nene 2n 2 poly
-

o H

iy ile 0K,
_I———I_E-__I-
A | N I | ke

4

=" |Unsigned Java Applet Window
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MAT | OMAL ENERGY RESELRCH
SCIENTIFIC SOMPUTING CENTER

Gene Summary Report w_g

enome Channel Report - Hetscape

File Edit “Wiew Go Communicator Help
[T i

Report
human Chromosome 5, Contig TODD9E0, GrailEXP Gene 32

Genome Channel Help

Linkes:

TYPE gene
SIZE 31475 bp
ORGANTISM® Homo sapiens
CHROMOSOME * 5
Map* Sg23.1
GCID GCO5241232 (chr.S5.ctg.TOOD280.gene.grailexp.32)
SIMILARTITY [T52351) neural plakophilin related arm-—repeat protei. ..
FROM ACC
FROM NID
SEQ SOURCE
FEATURES* Locations/Cualifiers
gene join(<1..111,12191..12394,28123..28277,28805. .28242,
31445, .31475>)
foimilarity="(UU52351) neural plakophilin related arm—-repeat protei... ™ [(bhlast score=
fevidence="not experimentasl™
ftranslation=MGTDELDGLLCGEANGKDAESSGCWGEEKEEEESODQMFALLF
FFROWDGVGPLPD CAEPPEGIOMNLIWHPS IVEPYLTLLSECSHNPD TLEGAAGAT QML
AAGEWENSY Y IRALAVENEEGLPILVELLRIDNDREVVCAVATALRNMALDVENEEL T
GHMPVLGPEIKSISKTDREPCPCGVY IOEKENF EEOTEONMMNHEMELSEGWED AKAE L
Dﬂ'
eXx0on (1..111)
FAEST=T77214
exon (12191..12394)
FEST=T77214
exon (28123 ..28277)
eXOn [2880E&..258942)
exon [(31445..31475)
BEASE COUNT 9351 a 6545 o 6139 o 9412 ©
ORIGIN
1 atgggoacgy Sogayotgda Coggotacts COLOggogagy Ccosatggoas goatgot oo
61 agototgydt gotgdggoasn gaagasgasy assaagassat oocaadatoa gogtgatgosg
121 gotgottbtgoa gotgoatgoa attatcococt toctaatbtgoe aactgbtasata tatcotoast =
1=1 R o e i Ll N T el R ol ol ol R Y et Nl f TR Rl RNl T e R ol ol e T T
< Ll_l
= [=i= | | hitp: #/compbio. ornl gov Acgi-binPrtnF pt pl *hurnan, 5, TO00330, gene. arailexp. 32 g
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e BEAUTY - Gene Search
SCIENTIFIG GoMP TN SENTER R e&J I t S

LASTP+BEAUTY Search Results - Netscape
File Edit “Wiew Go Communicator Help
i N S & 5 S A
=
Distribution of 29 Blast Hits on the OQuery Sequence
|2822195 [(U52351) neural plakophilin related arm—repeat protein o.5= 253 E=SE—6'?I J
Color Key for Alignnent Scores
A0-50
100 200
Score E

Segquences producing significant alignments: (bits=s) Value
gi|2822195 (U525351) neural plakophilin related arm—-repeat protei... =253 BEe—67
gi|3FT12673 (U9513656) delta-catenin [Homo sapiens] 249 Se—66
gi | 2580537 (U230331) neural plakophilin related arm—repeat protei... 236 Se—-G52
i |1702924 |gnl |PID|e259279 (X51559) pO0071 protein [Homwmo sapiens] 165 S3e—40
gi |1932727 (U51269) armadillo repeat protein [Homo sapiens) 109 1le—-23
gi|2253589 (US2525) delta—catenin [Homo =sapiens] 106 1le—z2
gi | FLE286T7 (AFO06234944) plZ0 catenin isoform 4B [Homo sapiens] 52 Ge—15
gi | FL52817 (AFO0G62319) plZ0 catenin isoform ZABC [Homo sapiens] Sz Ge—15
c11|3152345|’AF0623331 blz20 catenin isoformm 4G4 [Horm:u sSaniensl >ofi. .. g2 d=—15 _|L|
A »
= (== | | hitp: #Agrail lsd. arnl gow/G CAhumand chromosome/S/contig/ T 000380/ gene arailexp/zearch/beauty /32 html#2522135 g
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N Reportsand Links creeees

MAT | OMAL ENEREY RESELRCH
SCIENTIFIC SOMPUTING CENTER = = =
HERKELEY LaB
—1

Fik= Bl Wiew S5o wWWinodow

Jeint Gemome Tesidiols

Sequenos Snmikatiomn

|

st Favrwni 3 ol b nih oo hibin—posii O mimtd =pmim T

e g | |

Jdzrea Applat Yeirehore =
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@ SC 2000




, Navigate from human eee)
E T o Ch romosome mm\ii\

. Genome
Bring up two
Java Genome
Channel
Viewers | | | |
snomee Calalog - human § Chromosome - 19 - Nelscapae -
Edit Yiew Go Commurscator Help
« ¢ 3 X o m S & H
Barck werd Pelosd Hioms Search Metscaps  Prm Sacunty {

1 Sechoal af Madic

J" Bookmas .&. Location: [rlurlu-du\-.-‘ul arnl . gonw fegi-bin/ Glat) GesChrarn cgitorg=hurnanichre=149 :l E‘W? Relatd

“hromosomes Species / Human 1y
2345678910

12 13 1 617 . .
9202120 xy Chromosome 19 Overview Query just

- on
Genome [Overview] [Contig] [Clone] [Band] [Map]
Channel zene Models: [GenBank] [Genscan] [GRAIL EXF] Chromosome
E Chrzanism
viewer | |Clone ID | Search Chromosome |

E Chromosome

viewer

14 2 9% Fxt Sequences|Protein Homology -
& =0=1 =P T | ik e A2 [D x:__ ,.-"'_




" (TS SNP Mining from Clone D
s Over IapS e

II'-W Fis -~ (Oplione Ll  Fesburss  ddndoss
| —— 7 el =R R
| LE 2% " T il
L] 1 ¥ i £ € T [ ] ] o HE o TR 4 L]
e =]
e T T fe o =T = Lo R r I
i S—
=
n i L L T T T 1
s = [ s o - =

Clone overlap:
AF064865
AF042091
overlap 9,338 variant bases 36
approx. 1 SNP per 250 bp

#|Unﬁgﬁd e A plet Winckore'

Example

AFDG4BES: 157047 agggottatcagtgtogotgttgaccttggocacctggotaaggtggtgoctgocaggtt 157106
ERERE ANRRERERRERE RN AREREREERE RN FEEErrrrrr el
AED4Z091: 6961 agggecttatcagigtogotgitgacctiggocacctggctaagatagatgectgecaggtt 7020

AEDS4B65: 157107 tctoccactggaaagottototttocatgttgyoctttotggaaggaagtogotoctgoaaa 157166
FEEEERRRntr et frr rnrrrerenl AR RN
AEDSZ091: TU21 toctocactggaaagottctotttocatguogiioctttotggaaggaaguogotetgcaaa TURD

AFDS4B65: 157167 goccacacataaggagtgagagttatgottoatottottgaggtggtatatctacataaa 157226
FEEEEERRerr e rrretd RERERRERERERE AERERERREREREE
AED4Z091: 7081 Joccacacataaggagqtgagagttatgoiicatctiottgagatgygtatatctacataas 7140

Larmputdatiorial ororogy
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, v v SNP Mining from Clone o
SCIENTIFIC GaMP LT ING SENTER Over I apS

JJHeIp File Edii Options List Features “indows
GLlllFlS ; GLlllFlS
3 LS = T = 14 15
i A ok ST SaE I | P U ¥ HY ¥ o —=
1111111
e [=n] o 2401 e [1n n) o [E=n] o SEOk A0 I PSS
—r | T I ) —
0 pFODEEE APOONEE 0 APOOOEG IS0 SPOOMES 0 SAPONEES £ I
N - -E— = SRS 2 |
| 0 sRODOmEd 0 apmomer
== =] = 1 = ] N I
EH:I:IH! TZI:II-‘. El-::ll-‘. SEO R HEHI:II-‘. Lin ]y A 21-::"{ 1ﬂl:ll{ =
] |
|Warning: Applet wWindows

Coverage includes clones from different sources
1 SNP per 250 bases
160,000 SNPsin 408 Mb dataset

Computational Biology
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e What's super computing i o

1]
L ! L]
ot to do with it? =
........................
g L EREELEY Lan !

+ Complexity of the information

+ Amount of data

+ Most applicationsaretrivially parallel

Computational Biology
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SSIENTIFIG SoMPTING SENTER L ayer S Of I nfor m at i On ' -:'!\'J‘Ji

HERKELEY LaB

The same base seqguence contains
many layered instructions!

+ Chromosome structure and function
+ Teomers, centromers
t+ Gene Regulatory information

+ Enancers, promoters
t lnstructionsfor genestructure

t Instructionsfor protein

t lnstructionsfor protein post-processing and
localization

Computational Biology
@ SC 2000




“axa \oore'sLaw and Genomics e p

MATIOMAL EMEREY RESELRCH
SCIENTIFIC COMPLUTING SENTER
EIrr.-r:r_ EY Lap

Spec95 Integer Performance vs. Genbank Search

10

Genbank
search time

log2(spec95)
N

0 performance
_2 | | | |
1990 1992 1994 1996 1998
year States 1998

Computational Biology
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CPU Requirements '_

cccccccccccccccccccccccc

+ Current annotation
+ 250 Mbases DNA yield ~125 Ghytes of data
t It takes~ 7.5 dayson 20 wor kstations ~3,600nhr

+ Celera Sequencing
t+ Assembly of 1.7 Million readsin 25 hrs
+ Annotation 8-10 M bases per monthswith 6 FTE
+ Assembly of Human Genome: expected ~ 3 months

Computational Biology
@ SC 2000
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Proj ected Base Pairs eee

'''''''''''''''''''''''' HErEELEY Lan]

Projected size of the
sequence database,
indicated as the number
of base pairs per

The amount of digital data individual medical

necessary to store 1014 bases of record in the US.

DNA is only a fraction of the data

necessary to describe the world’s

microbial biodiversity at one

square meter resolution...

Computational Biology

I I
@ SC 2000



MAT | OMAL ENEREY RESELRCH u m Ce l \ m b |
CCCCCCCCCCCCCCCCCCCCCCCC

+ Complexity

+ Adding aday’sread of 100 Mb to abillion base pairs of
contig would require 100 Pops operations

+ A 1 Tops machine would take about one day to process
100 Mbases

Computational Biology
|
@ SC 2000
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MAT | OMAL EMERGY RESELRCH
CCCCCCCCCCCCCCCCCCCCCCCC m

300.00-
250.00+
200.00-

150.00+

100.00+

50.00+

0.00-

year | month| week | day holtzjrs 1 hour

Mbytes/sec| 0.03 | 039 | 165 | 1160 | 23.10 | 277.70

Computational Biology
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FErerees ||||
MAT | OMAL EMERGY RESEARCH a m %
CCCCCCCCCCCCCCCCCCCCCCCC = — .
BErEELEY Lan !

+ Discovering new biology

+ Lack of software integration
+ Beginning to build high-performance applications
t+ Shortage of personne

Computational Biology
@ SC 2000



vaxam |Nherited Annotation Problems 7=, :
In Multi-Domain Proteins e

New seguence

Closest database annotated entry

- @

Original studied protein

Computational Biology
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MAT | OMAL ENERGY RESELRCH
SCIENTIFIC SOMPUTING CENTER

Comparative Genome Analysis

AFDS40MFO539 AFOS34
[T T1 1 I I i I 1

C T MipizasecE C Fosaz AF0532 moeB qyTE

AFOSEBFOSE Ty
[ [ 11 1 1

AFOSTRSEFSFDSNE0ST1 sz AFosea 1 L lossau

murF mrat =i diviB 1= ft= BBOZ292  =mg  hslWf hsll flgh
I [ I 1 [ | | | Il l
divlB  wkamt oyl sbp ft=h ft= bpr spollGA sigE
I S — I I
muri: murC ddiB ft=02 ft=h ft= Ip=C VELTS LTI mutT O

HIM146  ptsM HI1142

MG M ddiB fis0 e tsZ ey phes, [ T T 1]
bins
| IS | I | [ 10
pam HPoS7A__ 1 HPoar? e, fteZ HFORBER  HPOIZZ HPOD3F0934
G220
| I 1 I ] I I '
nrdF s b G226 M G225 T MG22E G222 MR Al

s e s s AR s 1 | s AL

MIOBEEIEEIOZET M0 | fs7  cecBJORTIZpIk L haoars
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SCIENTIFIC SOMPUTING CENTER

Alternatively Spliced ? eeec) f

M. GC ¥2.0 - Human [Homo zapiens] Chromosome 4, Contig 4p16.3 Features [1564611 bp]
Help File Edf Options List Festures  Windows

= |Unzigned Java Applet Window
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One Gene - Many Proteins tﬁ\lj
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‘ ‘ 14 15 16 17A  17B 18 19 20

Conboy 1998
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B One Gene- Many Proteins

cccccccccccccccccccccccc

ATG-1 ATG-2

T <

w2 B 94 15 16 ¥ 17A
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vaEa  9p21 Gene Cluster isaNexusof the ...y :
R e Rb and p53 Pat hways a—

Extracellular Oncogenic
stimuli (i.e. TGF-p) <~ dimuli (i.,eH-Rag™

7 7 7
_ ma =,

El E2 f1p
p15INK4b

Cell Cycle
E2RF Progression
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MAT | OMAL EMERGY RESELRCH
CCCCCCCCCCCCCCCCCCCCCCCC - = -
ERKELEY Lan ]

+ NERSC/LBNL ¥+ ORNL

+ John Conboy + Ed Uberbacher
+ Donn Davy + Richard Mural
+ Inna Dubchak + Phil LoCascio
+ Sylvia Spengler + Sergey Petrov
+ Denise Wolf + Manesh Shah
t+ EricP. Xing + Morey Parang
+ Manfred Zorn

Computational Biology
| |
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Computational Biology and
High Performance Computing 2000

Tutorial M4 p.m.
November 6, 2000
SC’2000, Dallas, Texas



o — Tutorial Outline e
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t 8:30a.m. - 12:00 p.m.
t Introduction to Biology
t Overview Computational Biology
t+ DNA sequences

t 1:30 p.m. - 5:00 p.m.
+ Protein Sequences
t+ Phylogeny
t Specialized Databases

Computational Biology
@ SC 2000




g Tytorial Outline: Afternoon ceoee] B

+ 1:30p.m.- 2:00 p.m. Working with Protens
t 2:00 p.m. - 3:00 p.m. Phylogeny

t 3:00p.m. - 3:30 p.m. BREAK

t 3:30 p.m. - 4:30 p.m. Specialized Databases
t 4:30 p.m. - 5:00 p.m. Genetic Networks

Computational Biology
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Proteins

Computational Biology
@ SC 2000
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What isa protein? ey

cccccccccccccccccccccccc

A biopolymer which isdistinct from a heteropolymer in one very important way
It’s 3-D structureisuniquely tailored to perform a specific function

@ row
b ©

Proline

‘ Threonine
‘ Tryptophan
‘ Isoleucine

NMR, X-ray and electron crystallography solve structures slowly (1/2-3 yrs.)

Computational Biology
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g The“Beads' are Chemically o

LLL Il
R e C om p I ex St ructures m::h:-.-
H H
4 | ﬂ) H A H"‘----C/H ,L JT H@-: A
H/C\ /N\CO(/C\N/C\ - \T‘/ \c< \“|'/ ~q
E \C H> | © ’ ARz H
/ C’sz Glutamine (NAQA)
CH\Leucme(NALA) \C—N/H
4 N\
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il H
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For ces Between Atoms recec?] p

+ Basic assumptions:
t Energy contributionsare strictly additive
t+ Energy isindependent of neighbors; transferability

+ Quantum mechanicsisinsignificant aslong asno bondsare
broken

Computational Biology
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. Bond Stretching Forces iﬁ\u

Equilibrium length ~ 0.1-0.2nm

K, spring force constant ~
500kcal/mole A2

Computational Biology
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Energy

B

_ T
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Bond Twisting Forces =

)]

-9
@

® Torsion Angle
600 1800 _600 Kq) - 2kca|/m0|e
N = 2,3,6 by symmetry

Energy
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Nerec Hydrogen Bonds eee
CCCCCCCCCCCCCCCCCCCCCCCC il

Optimum distance for N-O = 0.3nm N-O separation (r)

Net interaction ~ -5kcal/mole _ _
Computational Biology
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Scale of I nteractions
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MAT | OMAL ENERGY RESELRCH
SCIENTIFIC SOMPUTING CENTER

Aromatic Amino Acids

Amin oAci d

pK,s* | Pro Strture*

Chemical Str wt uet

3-DStrotue

Pheryl al@ n ePhe ,F

N=9.13
No charge a=116
absorbs C=1.83
3=1.33 o
hy tophab(25) =050 l-lb
Molec. Wt 447 pl=548 | H3”+—‘3| —Cos
Mole % 35 H
Tyr @ine, Tyr, Y H
weak @hge N=9.11 “
atsorb&v c=220 |a=0.74
hydgen boam
yeoo v R=10.07 | R=1.45
notydr o glic (0.08)
t=0.76 C"lb
H3h* —C —C o
Molec Wt = 16 3 pI=5.66 : |
H
Mole %= 35
Typtoplan, Tr pV
lar gst rain oacid
r ae ¢ amin oaci d H
N=9.39
noclarge a=1.02 /
atsorb &V C=2.38
=135
hydgen baomg CHz
] t=0.65 |
hy dophdb(15) p1=5.89 Hzh+—C —Cio

Molec Wt. =186
Mole % =11

Copyight @harles S. Gasser 1 96
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Wersc Protein Structure —

MAT | OMAL ENERGY RESELRCH
SCIENTIFIC SOMPUTING CENTER Im

Primary protein structure
i sequence of a chain of amine acds

Fleated sheet Alpha helix

ocours whan the saguance of amino acids
ara linksd by hydrogen bonds

A N

Secondary protein structure
A\
h

Pleated sheet
Teriary protein structure
occurs whan cartain attractions are pressnt
betwean alpha helices and pleatad shaats

Quaternary protein structure
is B profain consisting of mors than one
amina acid chain.

Computational Biology
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Secondary Structure cecees?]

t Alpha-helix

+ Beta-sheet

+ Coll

Computational Biology
@ SC 2000
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MAT | OMAL EMERGY RESEARCH -\-\-
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orthogonal views
of Rop
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Sheet

Beta-

MAT | OMAL ENERGY RESELRCH
SCIENTIFIC SOMPUTING CENTER
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O Beta sh zeeg)
FreEreees 1

: eta sheets
EREELEY LaB -
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T AR CI aSS| f| Ca'“ On Of Pr Ot e| n S —— _

+ 1. All alpha proteins (a)
+ 2. All beta proteins (b)

t+ 3. Alpha and beta proteins (a/b)

t+ Mainly parallel beta sheets (beta-alpha-beta units)
+ 4. Alpha and beta proteins (a+b)

t Mainly antiparallel beta sheets (segregated alpha and beta regions)
+ 5. Multi-domain proteins (alpha and beta)

t+ Foldsconsisting of two or mor e domains belonging to different classes
+ 6. Membrane and cell surface proteinsand peptides

t+ Doesnot include proteinsin theimmune system
t 7.Small proteins

t+ Usually dominated by metal ligand, heme, and/or disulfide bridges

8. Coiled cail proteins
9. Low resolution protein structures
10. Peptides
11. Designed proteins

=+ = = =

Computational Biology
@ SC 2000



cccccccccccccccccccccccc

SCOP Classifications
d &s N umb & of fol & N umb & of N umb & of
sup efamii & fami les
All pharpteins 128 197 296
All btaprotirs 87 158 251
Alphand &a 93 153 323
prokirs (a/h
Alphand &a 168 237 345
pro&i rs (at+b)
Muli-donai n 25 25 32
proei s
Membareand d | 11 17 19
surface poteins
Smdl poteis 52 72 102

T aal

@ SC 2000
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waxa Protein Fold Recognition, Structure 7,
Prediction, and Folding

+ Drawing analogies with known protein structures
t Sequence homology, Structural Homology
t InverseFolding, Threading
+ Abinitio folding: the ability to follow kinetics, mechanism
t robust objective function
t severetime-scale problem
t proper treatment of long-ranged interactions
+ Abinitio prediction: the ability to extrapolate to unknown folds
t multiple minima problem
t robust objective function
t Stochastic Perturbation and Soft Constraints
+ Smplified M odelsthat Capturethe Essence of Real Proteins
t Latticeand Off-Lattice Simulations
t Off-Lattice Model that Connect to Experiments. Whole Genomes?

Computational Biology
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A ErRSC Protain Fold Predictions: Neur al
Networ k Structure Classifications

Proten fold predictor based on global descriptors of
amino acid sequence

Empirical prediction using a database of known folds
In machine learning

Databases
t+ 3D-ALI (83 folds)
t  SCOP (used ~120 folds)

Representation of protein sequencein terms of
physical, chemical, and structural properties of amino
acids

Feed forward neural network for machinelearning

Computational Biology
@ SC 2000




. Protein Fold Recognition: ~
LR A T h I ead N g nm—}”

Take a sequence with unknown structure and align onto structural template of a given fold
Scor e how compatible that sequence is based on empirical knowledge of protein structure
Right now 25-30% of new sequences can be assigned with high confidenceto fold class

Computational Biology
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ey Protein Fold Recognition: e
SR T h I ead N g N

Computational Approach:
Dynamic programming: capable of finding optimal alignmentsif
optimal alignments of subsequences can be extended to optimal alignments of whole
objective functionsthat are one-dimensional E=2 V; +2 V

Complexity: all to all comparison of sequenceto structure scalesas L2
Whole human genome: 102 flops

| mprove Objective function:
Take into account structural environment
3D->1D: dynamic programming, L2
Build pairwise or multi-body objective function

NP-hard if: variable-length gaps and model nonlocal effects such asdistance
dependence

Recur sive dynamic programming, Hidden markov models, stochastic grammers

Complexity: all to all comparison of sequenceto structure scalesas L3
Whole human genome: ~10% flops

Computational Biology
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vaxEa  Computational Protein Folding i\'\l

One microsecond simulation of a fragment of the protein, Villin. (Duan & Kollman, Science 1998)

v/ robust objective function
all atom simulation with molecular water present: some structure present

sever e time-scale problem
required 10° energy and force evaluations: parall€elization (spatial decomposition)

proper treatment of long-ranged interactions
X cut-off interactions at 8A, poor by known simulation standards

- Statistics (1 trajectory is anecdotal)
X Many trajectoriesrequired to characterize kinetics and thermodynamics

Computational Biology
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“axa  Computational Protein Folding i§\1

(1) Size-scaling bottlenecks:. Depends on complexity of energy function, V
Empirical (lessaccurate): cNZ; ab initio (moreaccurate):CN3 or worse; ¢c<<C
empirical forcefield used
“long-ranged interactions’ truncated so cM?2 scaling; M <N

gpatial decomposition, linked lists

2) Time-Scale of motions bottlenecks (At

Use timestep commensur ate with fastest timescale in your system
bond vibrations; 0.01A amplitude: 1015 seconds (1fs)
Shake/Rattle bonds (2fs)

Multiple timescale algorithms (~5fs) (not used here)
Computational Biology
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, Ab Initio Protein Structure o
S e Pr ed| ction ] __\\1

Primary Sguence and an Energy function - Tertiary structure

Empirical energy functions:
(1) Detailed, Atomic description: leadsto enormous difficulties!

(1) Multiple minima problem isfierce
Find away to effectively over come the multiple minima problem
(2) Objective Functions. Replaceable algorithmic component?

Global energy minimum should be native structure, misfolds higher in energy

Computational Biology
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e The Objective (Energy) e

N R e F un Ct 10N Y
Empirical Protein Force Fields: AMBER, CHARMM, ECEPP
“gas phase”

CATH protein classification: http://pdb.pdb.bnl.gov/bsm/cath

a-helical sequence/ 3-sheet structure [B-sheet sequence/a-helical structure
Energiesthe same! Makes energy minimization difficult!

Add penalty for exposing hydrophobic surface: favors more compact structures

E <E for afew test cases

native folds misfolds

Solvent accessible surface area functions: Numerically difficult to use in optimization

Computational Biology
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, v v Neural Networksfor 2° e

R R St F'u Ct ure Pr ed | Ct | on EE,,,:M.,.

Q | nput unitsrepresent amino acid O \
sequence O > '
‘ Hidden units map sequenceto structure O ><

Output Unitsrepresent secondary O
structure class (helix, sheet, coil) O

— Waeightsare optimizable variablesthat aretrained on database of proteins

Poorly designed networksresult in overfitting, inadequate generalization to test set

Neural network design
input and output representation
number of hidden neurons
weight connection patternsthat detect structural features

Computational Biology
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e Neural Network Results iy

cccccccccccccccccccccccc

No sequence homology through multiple alignments

Train Test
Total predicted correctly = 66% Total predicted correctly = 62.5%
Helix: 51% C_=0.42 Helix: 48% C_=0.38
Sheet: 38% C,=0.39 Sheet: 28% C,=0.31
Cail: 82% C_.=0.36 Cail: 84% C_=0.35

Network with Design: Yu and Head-Gordon, Phys. Rev. E 1995

Train Test
Total predicted correctly = 67% Total predicted correctly = 66.5%
Helix: 66% C_=0.52 Helix: 64% C_=0.48
Sheet: 63% C,=0.46 Sheet: 53% C,=0.43
Cail: 69% C_=0.43 Cail: 73% C_=044

Combine networ ks of Yu and Head-Gordon with multiple alignments

Computational Biology
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r Neural Networks Used To Guide Global o
ot sy o Optl mization M ethods _\l

Generate expanded tree of configurations
Predicted coil residues: generaterandom, dissimilar sets of ¢,and ),

Exploretree configuration in depth:

Global Optimization in sub-space of coil residues. walk through barriers, move downhill
Computational Biology
@ SC 2000




rmryg Hierarchical Parallel Implementation of f\l |,;;-,

ot sy o Global O pt Imization Al gorl thm mm\il\

Static vs. Dynamic Load Balancing of Tasks

Central Processor

|
GOPT1 GOPT?2 GOPT3 GOPT4 GOPTS5

! J J J !
W1,1—’W1,11 W2,1—’W2,11 W —’W3,11 I W4,1—’W4,11 W5,1—’W5,11

Central Processor: Assigns starting coordinatesto GOPT’s

Task timeis highly variable I
GOPT’s: Divide up sub-spaceinto N regionsfor global search

Task timeisvariable

Workers. Generate sample points; find best minimizer in region
(Number of workersdepends on sub-space)

Dynamical load balancing of tasks. reassigning GOPT/workersto GOPT/workers

Gain in efficiency of a factor of 5-10
Computational Biology
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AF=rscC) Global Optimization Predictions of a-
ot sy o Helical Protans

FErerees 1

5

2utg_A: 70aa a-chain of uteroglobin:

Crystal (left), Prediction (right)
R.M.S. 7.0A

1pou: 72 aa DNA binding protein

Prediction (left) and crystal (right)
R.M.S. 6.3A

Still have not reached crystal energy yet!
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, v - Simplified Models for D
s Sl m UI at| ng Pr Otel N FOl dl ng e

a)

Seq. 1 B2L
i Seq. 2 B2L, B6L
Seq. 3 B2L, B4L, B6L

Simplifiesthe“real” energy surface topology sufficiently that you can do
(1) Statistics [
Can do many trajectoriesto converge kinetics and ther modynamics
(2) severetime-scale problem(]
characterize full folding pathway: mechanism, kinetics, ther modynamics
(3) proper treatment of long-ranged interactions [
all interactions are evaluated; no explicit electrostatics
(4) robust objective function?

good comparison to experiments
Computational Biology
@ SC 2000
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Mersc Problemsin Structure-Based ceccend]
s sy e In h| b| tor Di scover y & DeS| gn .

ERKELEY _

+ Balance of forcesin binding

t+ Energiesin condensed phases
t interaction energies
t desolvation

+ Problem scales badly with degrees of freedom
+ Configuration
+ configsa (prot-features)* X (lig-featur es)*

+ Conformation
+ Ligand & Protein, confsa 3/bonds X 3pbonds

+ Sampling chemical space (scales very badly)
t Defining binding sites

Computational Biology
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ThePros& Consof Proteins '

cccccccccccccccccccccccc

e

o

b

18 - Crown-6

sulfate binding protein
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APcrsC Conserved Residues, Ordered - ;
Structure, Function Unknown .mm.’;.ml

S v valell

! Glug1 Thr319

Gly321

Phe322
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Y --sc |nhibitor Discovery or Design? F\J_\

cccccccccccccccccccccccc

t+ Design ligands

Ludi (Bohm)

Grow (Moon & Howe)

Builder (Roe & Kuntz)
MCSS-Hook (Miranker & Karplus)
SMOG (DeWitte & Shaknovitch)
Others...

t+ Discover Ligands

DOCK (Kuntz, et a., Shoichet)
CAVEAT (Bartlett)

Monte Carlo (Hart & Read)
AutoDock (Goodsell & Olson)
SPECITOPE (Kuhn et a)
Others...

-+ = =+ % =% =b

-+ =+ =% =+ =% =b
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AYERSC Screening Databases by ceceec?]
e R R M OI eCUI ar D OCk| ng Emm_r_

‘ ‘H\

Calculate energies

l

Test highscoring
molecules

|

e Structure
I.-""F determination

\““— Mew inhibitar -
design

Dock into site

—
& Chemistry & Biology, 1996
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y‘ . . r l FrEres |||
SSIENTIFIG SoMPTING SENTER D a.t a.b a% &r een I n g U S n g D O C K .

D atabase of com m ercially
available small molecules

binding site

Each molecule is fitinto the binding site
in multiple orientations.

M ultiple conform ations of each ligand
are considered.

Each orientation is evaluated for
complementarity, using van der W aals

and electrostatic interaction energies.

Solvation energies are subtracted.

v ... ~200,000
compounds

The inhibition constants of the best fitting
m olecules are established in an enzym e assay

C Inhibitor-receptor com plex structures are determined.
N ew interactions with the enzyme are targeted. D
Computational Biology
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Novel Ligand Discovery
Using Molecular Docking

-ﬁ_

)

Lead from Lead from
Receptor molecular docking Receptor molecular docking
0o F
HIV WYQ HGX PRTase
protease o
o
thymidylate O ° RNA
synthase /
y oL
o (o]
[9) N
Zn g

hemagglutinin

B-lactamase

cercarial . N
Thrombin N©—<
elastase
PORG$ N
o) ° o
malarial N/N%N/N\ AmpC o= S>—n CIC
protease o ° B-lactamase N cl
N—N
so,
. thymidylate
CD4-gpl120 unpublished synthase
/N\
HGXPRTase unpublished
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AERSC Ligand Flexibility:
Conformational Ensembles

ot

N\ | )
4
Generate an ensemble dock it into the site
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cereeny) |.;';-

R — Conformational Ensemblesvs. BruteForce  ____—~|
100,000

Single Multiple B Ensemble

10,000

1,000

Time (sec.)

10

Receptor
Computational Biology
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'4 . . . r l reees I;I
Hierarchical Docking EE
Flexible docking: Hierarchical docking:
27 confs 27 confs
X3 atoms 3C+3A +9B
81 atom positions 15 atom positions
A
I
B

Computational Biology
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Unmet Challenges cecees?]

+ Better Scoring
+ context dependent desolvation
+ receptor desolvation
t better force-fields

t+ Receptor Flexibility

t+ Cominatorial Chemistry
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e Outline iy

cccccccccccccccccccccccc

+ Evolution & Phylogenetics

+ Why isthisan HPC problem?

+ Alignment (brief)

+ Summary of methods and softwar e for phylogenetics

+ Oneexamplein detail: Maximum Likelihood analysiswith fassDNAmI

+ Someinteresting results and challengesfor the future

+ Caveat: thisisan introduction, not an exhaustive review.

Computational Biology
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oo Phylogeny o §

cccccccccccccccccccccccc

+ Evolution isan explicitly historical branch of biology, onein which
the subjects are active playersin the historical changes.

+ A phylogeny, or phylogenetic tree, isa way of depicting
evolutionary relationships among or ganisms, genes, or gene
products.

¥ Modern evolutionary theory began with Darwin’s Origin of
Species, which included onefigure—an evolutionary tree

Computational Biology
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@@ Qrigin of Species, Figure 1 reeec?]

MATIOMAL EMEREY RESELRCH _‘\\-‘\\-
HemeeLey Lamn i

SCIENTIFIC SOMPUTING CENTER

n'

VIII

VII

VI

III

II
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“axa  Building Phylogenetic Trees ’d\t

+ Goal: an objective means Tocoplasnna .

i i LT . 3
by which phylogenetic trees E;Emii_i“f_” !
can be estimated in Phiassarisre p 1
tolerable amounts of wall- v A
clock time, producing e
phylogenetic trees with Caltue & S
measur es of their Toxoplasma .

) Armdniadiopsas f 4
uncertainty Gy cirre e 1
Fisrerrr =.
Cifnectrrer e 2
R FRT.
Chlaerrey. r.
VWoloax o,

Dr{:lﬁn:'rpn'rr'fﬂ PRT.
Frorrmag 5=, 5
Florrraer = 2

Fderrraee =, mom=<EdF
Gallns 5. 3
Craxflaas o 4
Gerlins o 5
SAsprerg. . el C
Aspers. rr. ewaA
e s porel O
Scfimasaocdr. g
Chaeaedlieder or.
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.Axa  Basic Evolutionary Biology ceree)

cccccccccccccccccccccccc - =
HERKELEY Lam ]

+ All evolutionary changes
aredescribed as hifurcatin

trees L. Zeta
+ evolutionary Gamma Eosion
relationships among —
genes or gene products Tl
(trees of paralogues) Eosilon
t evolutionary
. . Alpha
relationships among |
organisms (trees of Delta \ooper: %s'%“;f;sm
orthologues) /“ e
S.cerevisiae /\\ 5. cerevisias

/ [.melanogaster M. muz culuz
[.melanogaster B.taurs
. H.zapians
R.nomregicus Beta
H.zapiens

S.cerevisiae
Beta
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MAT I OMAL ENERGY RESELRCH B
EREELE

+ Curiosity: Anyone who as a child wandered through
the dinosaur section of a natural history museum
under standsthe inherent intellectual attraction of
evolutionary biology

t+ Theoretical uses: testing hypothesesin evolutionary
biology

+ Practical uses:
+ Medicine

+ Environmental management (biodiversity
maintenance)
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e RECONStructing history from e
SCIETIFIG SOMPLT InG SENTER D N A m u en CeS BERKELEY |_

+ DNA changes over time; much of this changeis not
expressed

t+ Changesin unexpressed DNA can be modeled as
Markov processes

t By comparing similar regions of DNA from different
organisms (or different genes) one can infer the
phylogenetic tree and evolutionary history that seems
the best explanation of the current situation
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A/ rsC) DNA replication ’\J_\L

bo\
.‘G\\ﬂe
S \N GC
C >

CCTA
.
GGATG ?G‘
G /
q / A
o?ffo
G

Purines: Adenine & Guanine
Pyrimidines: Thymine & Cytosine
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axm Changesin geneticinformation 7o
SCIENTIFIG GoMP TN SENTER Over tl m e

+ Point mutations
DNA —sequences of the 4 nucleotides

CCTCTGAC

VS
TCTCCGAC

Protein — sequences of the 20 amino acids

GSAQVKGHGKK

VS
GNPKVKAHCGKK

¥ Insertionsand deletions
DNA CCTCT+GAC
VS
CCTCTTGAC
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Sequences available )

+ DNA (sequences are series of the base molecules;
aligned sequences will also contain +sfor gaps)

+ Amino acid sequences (series of lettersindicating the 20
amino acids). Computational challenges more severe
than with DNA sequences.

t RNA

t+ Theavailability of data at present exceedsthe ability of
resear chersto analyzeit!
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Why istree-buildinga HPC A

'

%

problem?

Toxoplasma g. + Thenumber of bifurcating
Arabidopsis L. ;
Rty ¥ unrooted treesfor n taxais
[ o i o

*F - - -
e - malemiod i (2n-5)!/ (n-3)! 2n-3
IDros=oppfala 2. 1
Divosophila . 2 + for 50 taxathe number of

Gallus . 4

Fomraor s 1

Mﬂ:‘ﬂl_fﬂ'__ll".

Gallus . 5

Tn:rf:-;_r.fr:rﬁrna- &
Arabuvdopsis | 4

possibletreesis ~1074; most

scientistsareinterested in

much larger problems

(T | ; o .
ot et e + Thenumber of rooted treesis
el i Iria™ FFfE. 2

a_:'; :r:r ‘ (2”'5)'

Chilarry. r.
Voloaox c.

ﬂrﬂ.ﬁnpn'rr’fﬂ FFT.

o 5, 5
Fleerraer . 2

FHoerrae 5. rm<E0r
Callus g 3

Cralfus o d

Gallus g. 5

SAspergr. o,
SASspErs. IT.

ol
Irewa

el TS O
Schizaosaocir. g

Capredidear o,
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cccccccccccccccccccccccc

EREELEY Lam ]

+ Tobuild trees one comparesand relates ‘similar’ segments of genetic data.
Getting ‘similar’ right isabsolutely critical!
t Methods:
+ dynamic programming
+ Hidden Markov Models
+ Pattern matching
+ Some alignment packages.

+ BLAST
http://www.ncbi.nlm.nih.gov/BLAST/

+ FASTA
http://gcg.nhri.or g.tw/fasta.htmi

+ MUSCA http://www.resear ch.ibm.com/bioinfor matics’home
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M atching cost function e

GCTAAATTC
++ X X
GC AAGTT

+ Penalize for mismatches, for opening of gap, and for
gap length

t+ Thisapproach assumes independence of loci: good
assumption for DNA, some problems with respect to
amino acids, significant problemswith RNA

Computational Biology
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vaxEa Exagmple of aligned sequences et

CCCCCCCCCCCCCCCCCCCCCCCC T
BEREELEY Lam

Thermotoga ATTTGCCCCA GAAATTAAAG CAAAAACCCC AGTAAGTTGG GGATGGCAAA
Tthermophi ATTTGCCCCA GGGGTTCCCG CAAAAACCCC AGTAAGTTGG GGATGGCAGG
Taquaticus ATTTGCCCCA GGGGTTCCCG CAAAAACCCC AGTAAGTTGG GGATGGCAGG G

deinon ATTTGCCCCA GGGATTCCCG CAAAAACCCC AGTAAGTTGG GGATGGCAGG G
Chlamydi ATTTTCCCCA GAAATTCCCG AAAAAACCCC AATAAATTGG GGATGGCAGG
flexistips ATTTTCCCCA CAAAAAAAAG AAAAAACCCC AGTAAGTTGG GGATGGCAGG
borrelia-b ATTTGCCCCA GAAGTTAAAG CAAAAACCCC AATAAGTTGG GGATGGCAGG
bacteroide ATTTGCCCCA GAAATTCCCG CAAAAACCCC AGTAAATTGG GGATGGCAGG GG
Pseudom ATTTGCCCCA GGGATTCCCG CAAAAACCCC AGTAAGTTGG GGATGGCAGG G
ecoli----- GTTTTCCCCA GAAATTCCCG CAAAAACCCC AGTAAGTTGG GGATGGCAGG
salmonella

++++++++++++++++++++++++ AR+
+++

shewanella GTTTGCCCCA GCCATTCCCG TAAAAACCCC AGTAAGTTGG GGATGGCAGG
bacillus-- ATTTGCCCCA GAAATTCCCG CAAAAACCCC AGCAAATTGG GGATGGCAGG G
myco-gentl| ATTTGCCCCG GAAATTCCCG CAAAAACCCC AGTAAGTTGG GGATGGCAAA
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“mxa  Phylogenetic methodologies ﬁx\'\

+ Define a specific series of stepsto producethe‘best’ tree
+ Pair-group cluster analyses
+ Fast, but tend not to address underlying evolutionary
mechanisms

+ Definecriteriafor comparing different trees and judging which is better.
Two steps.

+ Definethe objective function (evolutionary biology)
+ Generate and compar e trees (computation)

+ All of thetechniques described produce an unrooted tree.

+ Thetreesproduced likewise describe relationships among extant taxa, not
the progress of evolution over time.
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= Distance-based Tree-building e f
R S m et h Od S —

t Aligned sequences are compared, and analysisis based
on the differ ences between sequences, rather than the
original sequence data.

+ Lesscomputationally intensive than character-based
methods

t+ Tend to be problematic when sequences are highly
diver gent

Computational Biology
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= Distance-based Tree building e f
R S m et h Od S, 2 BemkeLey _

t Cluster analysis. Most common variant is Unweighted Pair Group
Method with Arithmetic Mean (UPGMA) —join two closest neighbors,
average pair, keep going. Problematic when highly diverged sequences
areinvolved

+ Additivetree methods— built on assumption that the lengths of branches
can be summed to create some measur e of overall evolution.

+ Fitch-Margoliash (FM) — minimizes squar ed deviation between
observed data and inferred tree.

+  Minimum evolution (ME) — finds shortest tree consistent with data

+ Of the distance methods, ME isthe most widely implemented in computer
programs

Computational Biology
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"X Character-based methods iy

cccccccccccccccccccccccc

+ Usecharacter data (actual sequences) rather than distance data

+ Maximum parsimony. Creates shortest tree —one with fewest changes.
| nter-site rate heter ogeneity creates difficulties for thisapproach.

+  Maximum likelihood. Searchesfor the evolutionary model that hasthe
highest likelihood value given the data. In ssmulation studies ML tendsto
outperform others, but is also computationally intensive.

Computational Biology
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. Rooting trees iy

cccccccccccccccccccccccc

+ |f theassumption of a constant molecular clock holds, then theroot isthe
midpoint of thelongest span acrossthetree.

+ Sometimesdone by including an ‘outgroup’ in the analysis

+ Remember that thetrees produced from sequence data are fundamentally
different than a historical evolutionary tree

Computational Biology
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. Evaluating trees iy

cccccccccccccccccccccccc

+ Onceaphylogenetic tree has been produced by some means, how do you test
whether or not the tree represents evolutionary change, or just theresultsof a
mathematical technique applied to a set of random data? These methods below
can be used to perform a statistical significancetest.

+ Significancetestsfor MP trees.

+ Skewnesstests. MP treelengths produced from random data should
be symmetric; tree lengths produced from data setswith real signal
should be skewed.

+ Significancetestsfor distance, MP, and ML trees.
+ Bootstrap. Recalculate trees using multiple samples from same data
with resampling.
+ Jackknife. Recalculate trees using subsampling

+  All of these methods ar e topics of active debate

Computational Biology
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Phylogenetic software cecees?]

+  Phylip. (J. Felsenstein). Collection of softwar e packagesthat cover most
types of analysis. One of the most popular softwar e collections. Free.

+  PAUP. (D. Swofford). Parsimony, distance, and ML methods. Also one of
the most popular softwar e collections. Not free, but not expensive.

+ PAML. (Ziheng Yang). Maximum likelihood methodsfor DNA and
proteins. Not aswell suited for tree searching, but performsseveral
analyses not generally available. Free.

+ fastDNAmI. (G. Olsen). Maximum likelihood method for DNA; becoming
one of the more popular ML packages. MPI version available soon; well
suited to tree searching in large data sets. Free.

Computational Biology
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, Moreon Maximum Likelthood 7 :
SR S m et h Od S Emm_r_

+ Typical statistical inference:
calculate probability of data
given the hypothesis.

+ Tree, branch lengths, and
associated likelihood values all
calculated from the data.

+ Likelihood values used to TI T3
comparetreesand determine v,
which is best. % v, T
/ v v 4
‘n‘? T 4
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e Stochastic change of DNA N

+ Markov process, independent for each site: 4 x 4 matrix for DNA, 20 x 20
for amino acids
A C G T
A P(A->A) p(A->C) p(A->G) ...
C p(C->A) p(C->C) p(C->G) ...
G
T :
+ Transitions more probable than transversions.
+ Must account for heter ogeneity in substitution rates among sites

(DNArates— Olsen)

Computational Biology
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Werso fastDNAMI cecees?]

Developed by Gary Olsen
Derived from Felsensteins sPHYLIP programs
One of the more commonly used ML methods

Thefirst phylogenetic software implemented in a parallel program (at

Argonne National Laboratory, using P4 libraries)

+ Olsen, G.J.,et al.1994. fastDNAmI: atool for construction of phylogenetic
trees of DNA sequences using maximum likelihood. Computer
Applicationsin Biosciences 10: 41-48

+ MPI version produced in collaboration with Indiana University will be

available soon

-+ = % =%
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my— fastDNAmI algorithm ceec f
CCCCCCCCCCCCCCCCCCCCCCCC g

+ Computethe optimal treefor threetaxa (chosen randomly) - only one
topology possible

+ Randomly pick another taxon, and consider each of the 2i-5 trees possible
by adding thistaxon into thefirst, three-taxatree.

+ Keep thebest (maximum likelihood tree)

+ Local branch rearrangement: move any subtreeto a neighboring branch
(2i-6 possibilities)

+ Keep best resulting tree

+ Repeat thisstep until local swapping no longer improves likelihood value

Computational Biology
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axm Local branch rearrangement ey
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= fAStDNAMI algorithm con't: e
BOIENTIFIG SompLUTING CENTER | ter a_t e

EREE ..E'F'

t+ Get sequence data for next taxon
+ Add new taxa (2i-5)

+ Keep best

+ Local rearrangements (2i-6)

+ Keep best

+ Keep going....

¥ When all taxa have been added, perform afull tree check

Computational Biology

|
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, v Overview of parallel -

FECreee ||||'

MATIOMAL EMEREY RESELRCH
SCIENTIFIC COMPLUTING SENTER - = -
HemeeLey Lamn i

-
w

Caculate (2i-5) treas
for adding a taxxon

Dispatch trees to slaves
Reaeceive back trees + likelihood values

'

Determine best tree

-i

Caculate (2i-6) local
rearrangements

Dispatch trees to slaves
Receaive back trees + likelihood values

!

I Determ ine best tree I

Did
Rearrangement
improve Likelihood
Value?

Yes
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Because of local effects.... cecees?]

+ Whereyou end up sometimes depends on whereyou start

+ Thisprocess sear ches a huge space of possible trees, and isthus dependent
upon therandomly selected initial taxa

+ Can get stuck in local optimum, rather than global

+ Must do multiple runswith different randomizations of taxon entry
order, and comparetheresults

+ Similar treesand likelihood values provide some confidence, but still the
gpace of all possible trees has not been sear ched extensively
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e astDXN AL version = "1.0.6", likelihood = 11714506, ntaxa = 26, opt_lewvel = 0, smoothed = 1
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= Applications & I nteresting vk
SCIENTIFIG GoMP TN SENTER eX am pl % I

t+ Better understanding of evolution (Ceolocanths,
cyanobacterial origin of plastids)

+ Maintenance of biodiversity

+ Medicine & molecular biology
t our cousins, the fungi
+ Cytoplasmic coat proteins
t HIV

Computational Biology
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Cytoplasmic Coat Proteins cecees?]

SCIENTIFIC COMPUTIMNG CENTER - =
HEREELEY Lap ]

Zeta
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+  Wheredid HIV comefrom, and how recent isit?

t Korber, et al. 2000. Timing the ancestor of the HIV-1 pandemic strains. Science
288:1789. (Online at www.sciencemag.or g/cgi/content/full/288/5472/1789)

+ Used completed HIV sequences from 159 individuals with known sampling dates
(including one from 1959)

t+ Used a general-reversible (REV) base substitution model, accounting for different
site-specific rates of evolution and base frequencies biased in favor of adenosine.
Used modified version of fastDNAmI.

t+ Used SIV asan outgroup

t+ Last common ancestor of main group of HIV-1was 1931 (95% confidence interval:
1915-1941). Supports hypothesisthat HI'V has been around for sometime and
simply took a while to be common enough to be noticed.

Computational Biology
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W:rsc Challenges for future N

cccccccccccccccccccccccc

+ HPC implementations of mor e phylogenetic techniques

+ Better treatment of insertions and deletions (indels)

+ Algorithmsfor more thorough sear ching of treespacesin incremental tree
building processes (keep best n trees and keep looking)

+ Techniquesfor not shaking thewholetree (that is, adding ataxatoatree
in a fashion that acknowledges damping of effect asyou travel away from
altered part of tree)

+ Useof high-throughput techniques

Computational Biology
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“amm  risfor phylogenetic software =21
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t Phylip evolution.genetics.washington.edu/phylip/softwar e.htmi

+ PAUP
www.Ims.s.edu/PAUP/index.html

+ PAML

abacus.gene.ucl.ac.uk/softwar e/paml.html

+ fastDNAmMI
getalife.uiuc.edu/~gary/

Computational Biology
@ SC 2000



After noon Break



Specialized biological databases and their
role in building models of regulation

|nna Dubchak
| L Dubchak @Ibl.gov
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“ama  Qyerview of alternative splicing N

+ What isalternative splicing?

+ What ispossibleto do computationally to better
understand thiscomplicated  phenomenon?

+ Frequency of alternative splicing
+ Specialized databases
t+ Search for regulatory elements

Computational Biology
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e

PROCESSING mRNA iy

Transeription

and 5" capping : m

RNA polymerase

Completion of
primary transcript

Primary
transcript
AR WAL T k) R . T A RS e T e ?
Cleavage,
polyadenylation,
and splicing
Mature
mRNA 5 -AAA(A), (3")
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The Nobel Assembly at the Karolinska I nstitute in Stockholm, Sweden, has
awar ded the Nobel Prizein Physiology or Medicine for 1993 jointly to
Richard J. Robertsand Phillip A. Sharp for their discovery of split genes.
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E
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a-Tropmyocin pre-mRNA ifl\t

SCIENTIFIC SOMPUTING CENTER

Alternative Splicing of a-tropomvyocin pre-mRNA

Gieng LT NET ] Ak L8 AN,
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Splicin
Tissues mRNA * : =

Monmuscle

Smooth
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Striated
muscle
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Gender in Drosophila j\“\'\'J
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+ A percursor-RNA may often be matured

) : splicing I = o wa
to mMRNAswith alternative structures. AN sxigene _.-="" ““~._ eyon -~ WO
examplewhere alternativesplicinghasa Wl B B

S nthon 5

dramatic consequenceis somatic sex
determination in the fruit fly Drosophila
melanogaster .

t Inthissystem, the female-specific sxl-
protein isakey regulator. It controlsa
cascade of alternative RNA splicing
decisionsthat finally result in femaleflies.

+ Sexin Drosophilais largely determined
by alternative splicing
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—]

t+ Splicing errorscause
thalassemia

+ Thalassemia, aform of
anemia common in the

+ Normal red blood cells
contain correctly spliced beta-
globin, an important
component in hemoglobin

M editerranian countries, is that takes up oxygen in the

caused by errorsin the
splicing process.

lungs.
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T Information on alternative Y :
e Spl 1Cl ng IN pu bl 1C dat ab ases.

HERKELEY L.

t+ Swiss-Prot (protein) database iswell curated, but the
Information content isincomplete with referenceto
alternative splicing and does not allow for automatic
retrieval of such entries.

t+ Swiss-Prot entriesjust statethe fact that a particular
protein isone of the products of alternative splicing.

+ Some entries contain the information on the limited
number of 1soforms.

Computational Biology
@ SC 2000




-ﬁ_

o ov— Clustering procedure F\,\LL
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Similarity analysis of two sequences

t Genefamilies t+ Alternative splicing
multiple smilar genes exist one gene but primary
duetoo duplication and transcript spliced in more
diver gence of genes. than one way

l

+ Short similar fragments, alot + Relatively longidentical
of mutations fragments

Computational Biology
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. Clustering procedure iy

cccccccccccccccccccccccc

+ 1,922 protein sequences were compared all-against-all in order to
find common sequence fragments.

+ Thelength of thisfragment was a variable parameter in the
software. Various lengthsweretested to cluster asmany variants
of the same gene as possible, but to avoid false clusters generated
by too short fragments.

O o>

~ 240 cluster s of isoforms
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@ SC 2000



-Alternative Splicing DB (ASDB) - Main Page - Metscape
Gle  Edit View Go Communicator Help |

v« ¢ A4 4 2 £ oS & @ @ E
Back Forward  Reload Home Search Guide Print Security Shop Stop MHetzcape
wf " Baokmarks i Location: http:/ /desnuil Il gov-8885/2lt/ | 7 what's Relatec

Lawrenice Berkel

Alternative
Splicing DB

DB CONTENT | HOW TO USE | FURTHER WORK SEARCH

References to the Alternative Splicing Database:
ASDB: database of alternatively spliced genes

{ Dralyuk, M.Brudno, M. S. Geffand, M. Zom, and I. Dubchak (2000) Mucleic
Acids Research 28(1), 296-297.

M. 5. Gelfand, . Dubchak, I. Dralyuk and M. Zorn (1999) Nucleic Acids
Research, 27(1), 301.




Search Alternative Splicing DB (proteins)

Look by |Organism species (SP 0S line) | | SEARCH |
- SWISS-PROT Organism Species - Net... [H[=]E3

............................................

V¥ iShow help: Return ]25 _

SWISS-PROT Organism Species

The organism species specifies the organism
which was the source of the stored
sequence.

Search Alternative Splicing DB

Look by |All listed GenBank fields ~| |

The species designation consists, in most
cases, of the Latin genus and species
designation followed by the English name (in
parentheses). For viruses, only the common

" Show help Return !25 ,I reg)| English name is given.
Examples:
ESCHERICHIA COLI

HOMO SAPIENS (HUMAN)

ROUS SARCOMA VIRUS (STRAIN
SCHMIDT-RUPPIN)

NAJA NAJA (INDIAN COBRA), AND i

Alternative NAJA NIVEA (CAPE COBRA)
Splicing DB




¥ Alternative Splicing DB - Information for 2ACA_HUMANM - Netscape

File Edit “iew Go Communicator Help

I e 2 A & 2 £ S & O @

i Back Fonward Reload Haome Search Guide Frint Security Shop 5] i ) Metzcape

T Wt " Bookmarks \3& Location: Ihttp:.-".-"u:levnull.ll:ul.gu:uv:EEEE.-"I::in.-"retrieve?entr_l,l=2-'3.|:.-'3._HLIM.-'i‘-.N j ﬁv "What's Related
T Lawrence Berkel

Alternative :
Splicing D] =] Information for 2ACA_HUMAN
PROTEIN PHOSPHATASE PP2A, 130 KD REGULATORY SUBUNIT (PR130).

Alternatively spliced variants were found in public databases.

Full SWISSPROT entry

EMBL Links

L07590

Medline Links

93315512




¥ Alternative Splicing DB - Cluster Information - Netscape
File Edit | Wiew Go Communicator Help

4 e A D a2 £ I & B @ LBAL
i Back Fonward Reload Haome Search Guide Print Security Shop 5] i ) Metzcape h51
4 JTEDkaarks ¥, Lu:u:ati-:un:Ihttp:.-".-"u:levnull.ll:ul.gu:uv:EEEE.-"I::in.-"retrieve?cluster=58 j &7 what's Related
i Lawrence Berkel

Z2ACA HUMAN IELONDEENE REMDTVOQEIP NNETNESLYNL EVNDERTLEA VOWVOZQSLTM

e L 2 B e S S

ZACA HUMAN HPLENWVEEDD LMETLYIEEE SDGEEALDEG QETENGPSHE LLEVNEHRAE

B B D O P R P e e e

ZACA HUMAN FPEHATHLEE CPTPMONEIG EIFEESEFVNL PEEDCESKEYS EFEEGDQRDFE

B T e

2ACA HUMAN THZEEQEEID ELLMDLEZFS QRMETSLEEP LARGEMNSNEFL MSHEQLTGOT

= B B e e L S e P B L e

Z2ACA HUMAN LVDLEPEZEY SZPIEKVEPS CLTRIIETNG HEIEEEDEAL LLEILESIED

e L 2 B e S S

ZACA HUMAN FAQELVECES SRGILESQEEE MMOILOETLT TESQANLEWVC REPVEDEAED

S L JIMIEETSLE RDPDLEGELA FLARGCDEWVL

ZACA HUMAN TTEAVLIOQOT PEVIKIQOWNEF EREPGTPLPP FPATSPSSPRE LS EPVEHVNINW e
ZACE HUMAN PERFEERLE: FOQOTOQIQONEEP EEEKPGETPLPP PATEZPESPEP LEPWEHVHNNY

2ACA HUMAN VHAPLSINIFE REYFPEGLED TCSNHEQTLS REIETAFMDIE EQEADIYEMG

ZACE HUMAN VHWAPLSINIFE REYFPEGLEFD TCSNHEQTLS REIETAFMDIE EQEADIYEMG

Z2ACA HUMAN ETAEVCGCPL YWEAPMFEAAR GZEETGEVTA QSFIAMWEEL LMNMNHHDDASE

2ACE HUMAN EITARVCGCPL YWEAPMEFEREAA GEEETGEVTA QIFITAMWEEL LMNHHDDASE

ZACA HUMAN FICLLAEENC SSLEQEDFIP LLODWVWVDTHE GLTFLEDAPE FHERYITTWI j
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W:rsc ASDB statistics ceone]

SSIENTIFIG SoMPTING SENTER — |_
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ASDB usage during 1999 cereerd) ¢

HERKELEY L

Jun-99
Apr-99
Feb-99

Dec-98

Dec-99 |

00%997

130342

Aug-99 |

| — UYL

15004

——— 2835

15027
16586
121298
16560
15566
16061
—— 2245
1 114083
15839
— 2664
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Study of Regulation ceceesd)

+ No systematic surveysto addresstherelative
Importance of such elementsin theregulation of
alter native splicing.

t It iIsunknown asto whether regulatory words
occur more frequently adjacent to alternative
exonsthan in therest of the genome.

t It isnot clear whether these e ements enhance
splicing of only a limited set of exons, or have a
moregeneral role.
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vaxEa  Alternative Splicing Regulation === »

cccccccccccccccccccccccc

+ A number of genomic sequenceregulatory
elements have been identified outside of traditional
splice sites.

+ The concept of splicing ™ "' and
¥ " that promote or inhibit splicing at
neighboring splice sitesiswell established.

+ Many alternative exons are probably regulated by
a combination of silencers and enhancers.

Computational Biology
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Data Collection iy

+ Automated processing of GenBank/Medline

+ Manual analysis of abstracts & articles

+ Collecting the sample

Computational Biology
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vaxEa BjSyCLES Search Options ﬁ\

cccccccccccccccccccccccc

+ BISyCLES searchesin thetwo databases, then
establishes which of theretrieved entriesarelinked

+ Medline: +* alternative splicing,” tissue, muscle, brain,
neuro*, heart, regul*, enhancer, silencer

t Genbank: +”alternative splicing” +” complete CDS’

¥ Results:
t ~300 abstracts
t+ ~50 relevant papers

Computational Biology
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BiSyCLES: Biological System for —~ .
receeee] i
................ == Cross-Linked Entry Search m;ﬂ

+ GenBank contains genomic data but little annotation

+ Medline (PubM ed) contains abstracts from journals but no
genomic data

+ NCBI’'sEntrez system keeps links between related entriesin its
databases

¥ Pl T Pl Fulltext

Ele chbrronic
Jouarrnals

lebM-i'_
.

~uucleoti de
Saequences

i ]
Sttruauctuares

~Maps S Protasin
S rIamaes Sedquences el -t el gle s kT
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Word Counting ceceesd)

t+ To calculatethe confidence value of a particular word
we select random subsets of a large dataset of
constitutively spliced exons (1,504 exons, Burset &
Guigo, 1996) equal in sizeto our alternative dataset.

¥+ Wethen calculate the fraction of these subsetsin which
theword isover-represented at a higher ratethan in
the alter native set.

t (Over-representation is calculated as difference of
frequencies)
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@ SC 2000




“axa K nown Regulatory Elements N

enhancers r eference

UGCAUG Huh & Hynes, 1994; Hedjran et al., 1997; Modafferi & Black, 1997,
Kawamoto, 1996; Carlo et al., 1996

CUG repeat Ryan et al., 1996; Philips et a., 1998
(A/U)GGG Sirand-Pugnet et al., 1995a
GGGGCUG Carlo et a., 1996
slencers
UUCUCU Chan & Black, 1995; Chan & Black, 1997; Ashiya & Grabowski, 1997
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m—— Short summary ceeee
ERKELE

t Inthe simple cases of splicing, introns are always
Introns and exons ar e always exons

t+ During alternative splicing, within the same RNA,
sequences can berecognized as either intron or exon
under different conditions and the concept of exonsand
Introns becomesrather empirical

t RNAsarenot spliced differently in the same cell at the
sametime but in different cellsor in the same cell types
at different timesin development or under different
conditions

t A variety of patternsof alternate splicing have been
observed.
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, Evolutionarily conserved
E T o Non- COd N g D N A Seq uences

+ Discovering them in DNA seguence

+ Toolsfor thar visualization

+ Biological importance
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@ SC 2000



e

o Non-coding Sequences =
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~ 50 coding

— Non-Coding ~ 95% non-coding

Gene A

* *
* *
* *

* *
* *
* *
* *

B Nl B
Protein A Protein A'
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| nfor mation in Sequence
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mConserved Human/M ouse Sequences
CCCCCCCCCCCCCCCCCCCCCCCC N 830 kb Reg|on

lllllll

|III|
HEREELEY I_ .

> 40 bp and > 90%
411  or> 60bpand>80%
l OR > 100 bp and > 70%

270
Transcribed 141

Non-Transcribed

2

99% 304 33%

Computational Biology
@ SC 2000




90 Elementsin 1 M egabase

\/

Are most conserved
noncoding sequences
“functional” or arethey a
product of passive
evolution?
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Analysisof CNS-1 ceeee]

t Present in other species.
+ Cow (86%)
t+ Dog (81%)
+ Rabbit (73%)

+ Genomic position conserved in human, mouse,
dog and baboon

u__4 CNS-1 I4L_13
—_— s

t Single copy In the human genome
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@ SC 2000




, Evolutionarily Conserved Non- 7~ :
E T o COC“ N g Seq uaences mm\ii\

| dentification

Analyss
Q&b

Computational Biology
@ SC 2000




-ﬁ_

“am Fynctional Analysisof CR 1 ﬁ\

— > «CR1 — < > —> — —> —
KIF3 IL4 IL13 RADS0 IL5 IRF1 E3 E2 OCTN2
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v Human II__4 and IL_1_3 Production _in YAC
aricni ey mecsizon Transgenlcs Containli ng and L acki ng CR1
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Vista

(Visual Tool for Alignment)

KlAADZ02

DI HW\H

T T A%
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AF:rsC) Compar ative Genomic Sequence Analysis of
Human/M ouse/Rabbit ApoAl, ClI1, AlV Cluster
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vaEE  http:/fwww-gsd.Ibl.govivistal e s

MAT | OMAL ENERGY RESELRCH
SCIENTIFIC SOMPUTING CENTER m

Welcome to theVISTA, or VISuahzation Tool for Alignments home page
VISTA iz an integrated system for global alignment and wsualization, designed for comparative genommic analysis.
1. The visual ontpui is clean and simple, allowing the user to easily identify conserved regions.

2. Nimilarity scores are displaved for the entire sequence, thus allowing for the identification of shorter consemved
regians, or regians with gaps.
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Gene Regulatory Networks and Cellular
Processes

Adam Arkin
APArkin@lbl.gov
L BNL
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Cells
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L4ax@m Engineering of Celular Circuitry e

MAT | OMAL EMERGY RESELRCH \\\\-
HERKELEY Lam ]

SCIENTIFIC SOMPUTING CENTER

Bl '_i |

FLE iRERERREEREY
S e
Courtesy of IBM From: Wasserman Lab, Loyola

Asynchronous Digital Telephone Switching Circuit Asynchronous Analog Biological Switching Circuit
Full knowledge of partslist Partial knowledge of partslist
Full knowledge of “device physics’ Partial knowledge of “device physics’
Full knowledge of interactions Partial knowledge of interactions
No one fully understands how this circuit works!! No one fully under stands how this cir cuit works!!
Its just too complicated. Its just too complicated.
Designed and prototyped on a computer (SPICE analysis) We need a SPICE-like analysis for biological systems
Experimental implementation fault tested on computer
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A fotindation for call network analzsis mm\n%l

In analogy to the steps necessary to allow design, control and diagnosisin electronics we must perform the
following (non-sequential) tasks:
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vama Analysis of Cell Function Z\J\H
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The challengeisto integrate data from all
levelsto produce a description of cellular
function.

t+ Therearechallengesin:

+ Systematization and structuring of data

+ Serving and query thisdata

+ Representing the data

+ Building multiscale, multi-resolution
models

+ Dynamic and static analysis of these
models

Proteins/RNAS +  Pay-off in

+ Industrial bioengineering

+ Rational pharmaceutical design

+ Basic biological under standing

Genes/Regulatory Sequence

Genome Sequence
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v4aax Complexitiesof Cellular Function

MAT | OMAL ENERGY RESELRCH
SCIENTIFIC SOMPUTING CENTER
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Check if regulation
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Heter ogeneity of Data Fﬁu
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Data are: Gross Phenotypic data

Mutation data

o Qualitative>Quantitative
* Collected at many levels Kinetic/mechanistic data

- » Of heterogeneous structure
ool BE/EoPmETSAnaing « Of heterogeneous availability | Spatiotemporal imaging data

Cytomechanical/Spatial Processes Temporal concentration data

Challenge:

Molecular concentration data

Optimal use of available datato
make predictions about cell Molecular interaction data
function and failure.

M acromolecular Structure data

Proteins/RNAS

Protein expression

Genes/Regulatory Sequence

MRNA expression data

Genome Sequence Gene lengths/or ganization
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Lama Toolsfor “multilevel” analysis iil\u
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Tissue M echanics

Cytomechanical
* Analysis

Cellular networks

Molecular Interaction
: Prediction

Physical properties

Proteins/RNAs I
Genes/Regulatory Sequence ] !
Finding Parts

Genome Sequence 1

Computational Biology
@ SC 2000
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N Why now?
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*GGenome projects are providing alarge (but partial) list of parts

*New measurement technologies are helping to identify further components, their interactions,
and timings

» Gene microarrays

e Two-Hybrid library screens

 High-throughput capillary electrophoresis arrays for DNA, proteins and metabolites
 Fluorescent confocal imaging of live biological specimens

» High-throughput protein structure determination

*Datais being compiled, systematized, and served at an unprecedented rate
» Growth of GenBank and PDB > polynomia
* Proliferation of databases of everything from sequence to confocal imagesto literature

*Thetools for analyzing these various sorts of data are also multiplying at an astounding rate

@ SC 2000



SPICE Toolsfor Biology? reececs)
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Bio/Spice: A Web-Servable,
Biologist-Friendly, database,
analysis and simulation interface
was developed into atrue beta
product.

Interfaces to ReactDB, MechDB,
and ParamDB.

With Kernel, performs basic:
flux-balance analysis,

stochastic and deterministic kinetics,
Scientific Visualization of results.

Notebook/K ernel design optimized
for distributed computing.

E;E Stochazhca

Fi= Ecit Help
Mode Edit
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BIO/SPICE

-

>[Local KerneIJ

Center

Tool | nternet
Repository Local Data
T

Center Data
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, Stochastic Mechanismsin Gene 7=, ;
E T o Expr on mm\il\d

RNA

Exponential distribution of
intertranscript times

e Successive competitions between RNase and ribosomes*

e Geometric distribution of number of proteins per
transcript

*Yarchuk, O., Jacques, N., Guillerez, J. & Dreyfus, M. (1992), “Interdependence of translation, transcription and
MRNA degradation in the lacZ gene,” J. Mol. Biol. 226(3), 581-96 .
Computational Biology
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, Some Stochastic Cellular T :
R S P h en Om en a BemkeLey _

+ Lineage commitment in human hemopoiesis
+ Random, bimodal eukaryotic genetranscription in
t+ Activated T cells
+ Steroid hormone activation of mouse mammary tumor virus
+ HIV-1virus
+ Clonal variation in:
+ Bacterial chemotactic responses
+ Cadll cycletiming
+ E. coli type-1 pili expression
+ Enhancesvirulence
+ Changing cell surface protein expression
+ For immuneresponse avoidance
+ Bacteriophagel lysis/lysogeny decision

Computational Biology
@ SC 2000
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axa \)here Noise Comes From ﬁx\
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+ Random environmental influences

+ Mutations

+ Asymmetric partitioning at cell division

+ Stochastic mechanismsin gene expression
t Stochastic timing of gene expression
+ Random variation in time for signal propagation
+ Random variation total protein production

Computational Biology
@ SC 2000
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Wersc Timeto Effectivity cecees?]

e R R E.E,.MHE-.-
Dosage=4

] Dosage = 2
70
80 2
50+ ! ' f"‘w

] o +1c

W
4t Dosage = 1

Dimer Concentration (nanomolar)
5

0 5 10 16 _ 20 25
Time (minutes

Timing uncertainty reduced by:
* Higher gene dosage

e Strong promoter

e Multiple promoters

» Lower effectivity threshold

» Slower cell growth

Computational Biolod
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nal Growth in Three Cdlls
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Monte Carlo simulation data
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Time (minutes)
« Onegene

Growing cell, 45 minutes division time
Average ~60 seconds between transcripts
Average 10 proteins/transcript:
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, The Need for Advanced e f
R e C om p utin g —]

+ DataHandling:

Thetotal data necessary for network analysisis huge. By natureit will be
distributed and heter ogeneous

We need:
+ Database standard and new query types
+ Means of securefast transmission of information
t+ Means of quality control on data input

+ Tool integration:

t+ Centralization of computational biology tools and standards
t+ Ability to use toolstogether to generate good networ k hypotheses
+ Good quality ratingson Tool outputs

+ Advanced Smulation Tools:

t+ Fast, distributed algorithmsfor dynamical simulation
t Mixed mode systems (differential, Markov, algebraic, logical)
t+ Spatially distributed systems

Computational Biology
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The End
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